Graphical Abstract Highlights d Hedgehog acyltransferase (Hhat) promotes the uptake of palmitoyl-CoA across membranes d Palmitoyl-CoA uptake can occur in the absence of a hedgehog protein substrate d Palmitoyl-CoA uptake is regulated by and separable from hedgehog palmitoylation d Hhat serves as a conduit to supply palmitoyl-CoA to the luminal side of the ER
In Brief
Palmitoylation of hedgehog proteins by Hedgehog acyltransferase (Hhat) occurs on the luminal side of the ER. However, the palmitoyl-CoA donor for the reaction is membrane impermeable. Asciolla and Resh show that Hhat serves a dual function as both an acyltransferase and a transporter that promotes palmitoyl-CoA uptake across the ER membrane.
INTRODUCTION
The Hedgehog family of secreted signaling proteins plays a fundamental role during embryonic development, acting as morphogens to form concentration gradients for long-range and short-range signaling (McMahon et al., 2003; Fuccillo et al., 2006) . Three Hedgehog proteins are expressed in vertebrates-Sonic (Shh), Indian (Ihh), and Desert (Dhh)-with Shh being the most extensively characterized family member. Shh signaling regulates cellular proliferation and differentiation, particularly during limb development and developmental patterning of the brain (Chiang et al., 1996; Roessler et al., 1997) . In adults, aberrant Shh expression is associated with multiple human cancers, including medulloblastoma, pancreatic, and lung cancers (Justilien and Fields, 2015; Jiang and Hui, 2008; Mathew et al., 2014) .
Formation of the mature Shh ligand involves multiple processing steps, beginning with the removal of the N-terminal signal peptide during translocation across the endoplasmic reticulum (ER) membrane (Mann and Beachy, 2004) . Upon entry into the ER, the 45-kDa Shh precursor undergoes autocleavage to produce a 19-kDa product. Concomitant with autocleavage, cholesterol is attached to the C terminus of Shh (Porter et al., 1996) . In a separate step, the N-terminal cysteine of Shh is modified by the attachment of the 16-carbon fatty acid palmitate, a reaction catalyzed by Hedgehog acyltransferase (Hhat) (Chamoun et al., 2001; Pepinsky et al., 1998; Buglino and Resh, 2008) . Palmitoylation of Shh by Hhat is essential for short-and long-range Shh signaling in development and tumorigenesis (Dawber et al., 2005; Lee et al., 2001; Chen et al., 2004; Goetz et al., 2006) .
Hhat is an ER-resident multipass membrane protein consisting of 10 transmembrane domains and 2 re-entrant loops (Matevossian and Resh, 2015a) . It is a member of the membrane bound-O-acyltransferase (MBOAT) family of enzymes that catalyze the attachment of specific fatty acids to secreted proteins (e.g., Porcupine acylation of Wnt proteins; ghrelin O-acyltransferase [GOAT] acylation of ghrelin) or intracellular lipids (e.g., acylation of cholesterol by Acyl-CoA cholesterol acyltransferase [ACAT] ; acylation of lysophospholipids by DGAT1) (Hofmann, 2000; Buglino and Resh, 2012) . Several lines of evidence indicate that MBOAT-catalyzed fatty acylation reactions occur in the lumen of the ER (Csala et al., 2007) . A conserved histidine residue essential for acyltransferase activity of all MBOAT proteins is located on the luminal face of the ER membrane, implying that the ER lumen is the location of the enzymes' active site (Shindou et al., 2009) . Entry of Shh into the ER is essential for Shh palmitoylation, as Shh lacking an N-terminal signal sequence is not palmitoylated . It is not known how palmitoyl-coenzyme A (CoA), the palmitate donor for Hhat, enters the ER lumen. Palmitate is esterified to palmitoyl-CoA in the cytosol, but long-chain acyl CoA esters are not permeable across biological membranes (Bavdek et al., 2015; Polokoff and Bell, 1978) . Analysis of Hhat transmembrane domain topology revealed the presence of 10 transmembrane domains, 2 re-entrant loops, and multiple loops facing the cytoplasm that constituted a large fraction of the total Hhat protein sequence (Konitsiotis et al., 2015; Matevossian and Resh, 2015) . We speculated that this topological complexity might serve to provide a second function for Hhat, namely, to assist in palmitoyl-CoA uptake for delivery to the ER lumen. Here, we use assays with microsomal membranes, purified Hhat reconstituted into liposomes, and live cells to support the hypothesis that Hhat itself promotes palmitoyl-CoA entry across the ER membrane. These findings reveal a key role for Hhat in the essential process of transporting a membrane impermeant long-chain fatty acyl CoA across the ER membrane to the luminal side, where it is subsequently used as a substrate for acylation of Shh and potentially of other MBOAT substrates.
RESULTS

Hhat Promotes Palmitoyl-CoA Uptake in Microsomal Membranes
To test the hypothesis that Hhat promotes palmitoyl-CoA uptake across the ER membrane, we devised an assay to track fatty acyl CoA transfer into intact microsomes ( Figure 1A ). Cellular homogenization results in fragmentation of the ER; the ER fragments then reseal right-side out to form closed membrane vesicles known as microsomes (DePierre and Ernster 1977) . Microsomal membranes were prepared from HEK293FT cells transfected with empty vector (EV; pcDNA3.1) or cDNA constructs encoding hemagglutinin (HA)-tagged Hhat. We used NBD-palmitoyl-CoA, Figure 1 . NBD-Palmitoyl-CoA Uptake Assay (A) Microsomal membranes generated from HEK293FT cells transfected with pcDNA3.1 (empty vector; EV) or pcDNA3.1 encoding Hhat are incubated with NBD-palmitoyl-CoA, then treated with dithionite (Na 2 S 2 O 4 2-), a membrane-impermeant reducing agent that quenches NBD fluorescence of molecules on the external side of the membrane. RFU readings at 535 nm reflect NBD-palmitoyl-CoA within the vesicle and protected from the quencher. The addition of 0.2% octyl glucoside permeabilizes the bilayer and allows access of the quencher to the interior of the vesicle. (B) Microsomal membranes from HEK293FT cells expressing pcDNA, Hhat WT, or Hhat H379A were incubated with NBD-palmitoyl-CoA for 60 min at room temperature prior to the addition of Na 2 S 2 O 4 2-. NBD fluorescence in the interior of the vesicles was quantified; n = 3. (C) Microsomal membranes were pretreated for 15 min with 10 mM TDI-3410, then analyzed for NBD-palmitoyl-CoA; n = 3. a fluorescent analog that has been employed extensively to study the membrane translocation of lipids (Rojas et al., 2016; McFie and Stone, 2011) , to track palmitoyl-CoA uptake. Membranes were incubated with NBD-palmitoyl-CoA for 60 min, then treated with dithionite (Na 2 S 2 O 4 ), a hydrophilic reducing agent that quenches NBD fluorescence. Because it is membrane impermeant, dithionite can only quench the fluorescence of molecules located on the external, cytosolic side or the outer leaflet of the membrane. At time zero, fluorescence should be reduced to baseline by dithionite, as all of the NBD-palmitoyl-CoA is present on the outside of the membrane vesicle and accessible to the quencher. With time, NBD-palmitoyl-CoA that enters the lumen will be protected, and the fluorescent signal remaining after the quencher addition should increase. Microsomal membranes prepared from cells overexpressing wild-type (WT) Hhat retained 5-fold more NBD fluorescence than did membranes from cells transfected with the EV or expressing H379A Hhat, a catalytically defective Hhat mutant ( Figure 1B ). The fluorescent signal remained constant for up to 120 min, indicating that microsomal membrane integrity remained intact ( Figure S1A ). The addition of 0.2% octyl glucoside, which permeabilizes the membrane bilayer, reduced the fluorescent signal to background, confirming that NBD-palmitoyl-CoA had entered into the membrane vesicle ( Figure S1B ). To confirm that the observed changes in NBD fluorescence reflected the uptake of palmitoyl-CoA, we devised an additional, complementary assay ( Figure 2A ). Microsomal membranes from transfected HEK293FT cells were incubated in the presence of 125 I-Iodopalmitoyl-CoA, a radio-iodinated palmitoyl-CoA analog , for 60 min. The membranes were pelleted and washed with buffer containing 2% BSA to bind the remaining, external 125 I-Iodopalmitoyl-CoA. Membranes prepared from cells expressing WT Hhat retained 4.5-fold more 125 I-Iodopalmitoyl-CoA than did membranes from the EV or H379A Hhat-expressing cells (Figure 2A ). We next tested the effect of TDI-3410, a selective, small-molecule Hhat inhibitor (a derivative of RU-SKI 43) (Petrova et al., 2013;  Figure S1C ), on palmitoyl-CoA uptake. Treatment of microsomal membranes with TDI-3410 inhibited both Hhat-mediated Shh palmitoylation activity and palmitoyl-CoA uptake into microsomal vesicles with similar IC 50 values . No change in NBD-palmitoyl-CoA uptake was detected when membranes from cells expressing Porcupine, another member of the MBOAT family, were analyzed ( Figure 2E ). These findings strongly suggest that the presence of Hhat increases the uptake of palmitoyl-CoA across the membrane of microsomal vesicles. (E and F) Microsomal membranes from HEK293FT cells expressing Hhat or Porcupine were pretreated for 15 min with (E) 5 mM malonyl-CoA, (F) 10 mM TDI-3410, 10 mM Etomoxir, or both TDI-3410 and Etomoxir. NBD-palmitoyl-CoA uptake was determined (n = 3) as in Figure 1 . (G) As in (F), but with the gain on the plate reader increased; n = 3, *p = 0.03; **p = 0.003. (H) Purified Hhat was incubated with 10 mM TDI-3410 or 10 mM Etomoxir, and Shh palmitoylation activity was assayed; n = 3. See also Figure S1 .
We noted that the inhibition of NBD-palmitoyl-CoA uptake into microsomes by TDI-3410 was not complete (Figures 1C and 2B) . In addition to ER membranes, mitochondria are also present in microsomal membrane preparations. Mitochondria use a carnitine-dependent acylation and transfer system to import palmitoyl-CoA into the mitochondrial matrix (McGarry and Brown, 1997) . Carnitine palmitoyl-transferase 1 (CPT1) generates fatty acylcarnitine from fatty acyl CoAs in the cytosol. Acylcarnitine traverses the inner membrane bilayer via a carnitine/acylcarnitine exchange carrier (CAC), and CPT2 re-forms fatty acyl CoAs in the organelle interior. We tested the effects of CPT1/2 inhibitors (Esser et al., 1993) on NBD-palmitoyl-CoA uptake into microsomal membranes. The addition of malonyl-CoA, a reversible CPT1 inhibitor, reduced NBD-palmitoyl uptake levels in membranes from Hhat-expressing cells by 50% (Figure 2E) . A similar effect was observed with Etomoxir, a selective, small-molecule inhibitor of CPT1 ( Figure 2F ). The effects of Etomoxir and TDI-3410 on palmitoyl-CoA uptake were additive; treatment with both compounds reduced the NBD signal to baseline levels. A reduction in NBD-palmitoyl-CoA uptake in membranes from EV cells treated with CPT1 inhibitors was not apparent in Figure 2F, but the relative fluorescence units (RFU) values were low and close to baseline, obscuring any potential effect. When the gain on the plate reader was increased in order to more accurately capture low-intensity signals, a reduction in NBD-palmitoyl-CoA uptake in both control (EV) and Hhat membranes by Etomoxir was evident ( Figure 2G ). Etomoxir had no effect on Shh palmitoylation by purified Hhat ( Figure 2H ). These data imply that microsomal membranes contain a mixed population of mitochondria and the ER in which the uptake of palmitoyl-CoA is mediated by CPT1/2 and Hhat, respectively. We were not able to efficiently separate mitochondria from Hhat-containing ER membranes with sufficient purity to distinguish between mitochondrial and ER uptake. Therefore, as a next step, we tested the effect of Hhat loss on palmitoyl-CoA uptake.
Microsomal Membranes from Hhat À/À Cells Exhibit Reduced Palmitoyl-CoA Uptake To evaluate the role of endogenous Hhat in the uptake of palmitoyl-CoA into the ER, NBD-palmitoyl-CoA and 125 I-Iodopalmitoyl-CoA uptake assays were performed with microsomal membranes generated from T47D breast cancer cells in which Hhat was knocked out using CRISPR/Cas9. Palmitoyl-CoA uptake was decreased by 40%-55% in membranes generated from Hhat À/À T47D cells, compared to membranes from control (Hhat-express- Figure 3 . NBD-Palmitoyl-CoA Uptake Is Reduced in Membranes from Hhat À/À Cells (A-D) Microsomal membranes from control or Hhat À/À T47D cells (A and B) or Hhat À/À MEFs (C and D) were pretreated for 15 min with 10 mM TDI-3410, 10 mM Etomoxir, or both drugs, and the uptake of NBD-palmitoyl-CoA (A and C) or [ 125 I] IodoPalmitoyl-CoA (B and D) was determined as described in Figure 2 . (A) n = 4; (B) n = 2; (C) n = 3; and (D) n = 2. (E) Microsomal membranes from (C) were pretreated for 15 min with 10 mM TDI-3410, 10 mM Etomoxir, or both drugs, and the NBD-palmitoyl-CoA uptake assay was performed at room temperature or at 0 ; n = 3. ing) cells (Figures 3A and 3B) . Treatment with 10 mM TDI-3410 had no effect on the amount of NBD-palmitoyl-CoA uptake into Hhat À/À membranes, compared to DMSO, consistent with the absence of Hhat, the target for TDI-3410. Treatment of the Hhat À/À membranes with 10 mM Etomoxir reduced the NBD signal, and the addition of TDI-3410 had no further effect. These findings imply that in the absence of Hhat, the observed palmitoyl-CoA uptake signal mostly represents uptake into mitochondria. Similar results were obtained using microsomal membranes generated from murine embryonic fibroblast (MEFs) derived from Hhat knockout mice (Chen et al., 2004; Figures 3C and 3D) . No uptake of NBD-palmitoyl-CoA was detected when membranes from either WT or Hhat À/À MEFs were incubated at 0 C ( Figure 3E ), consistent with a transport-like function of Hhat in promoting the uptake of palmitoyl-CoA across the ER membrane.
Purified Hhat Reconstituted into Liposomes Mediates Palmitoyl-CoA Uptake
To definitively test the ability of Hhat to promote palmitoyl-CoA uptake, we purified Hhat and reconstituted the purified protein into 200-nm-large unilamellar liposomes containing a membrane lipid composition reflective of the ER (Davison and Wills, 1974; van Meer et al., 2008) . We calculated that approximately 12 molecules of Hhat were incorporated per 200-nm liposome. As a control, a parallel, mock purification was performed using cells transfected with the EV. The uptake of NBD-palmitoyl-CoA and 125 I-Iodopalmitoyl-CoA was 5-fold greater in liposomes reconstituted with purified WT Hhat, compared to liposomes reconstituted with the EV preparation or with the purified H379A Hhat mutant (Figures 4A and 4B) . A similar result was obtained with [ 14 C]-palmitoyl-CoA ( Figure 4C ). The addition of 10 mM TDI-3410 inhibited NBD-palmitoyl-CoA uptake, with an IC 50 of 2.45 mM ( Figures 4A and 4D ). This value is comparable to the IC 50 of TDI-3410 for the inhibition of Shh palmitoylation ( Figure 2D ). Etomoxir had no detectable effect on palmitoyl-CoA uptake into the Hhat-containing liposomes or on Shh palmitoylation activity of purified Hhat ( Figures 2H and 4A ).
We performed several controls to ensure that the fluorescent signal detected in liposomes with reconstituted Hhat represented the NBD-palmitoyl-CoA that entered the liposome interior. The integrity of the liposomal bilayer was evaluated by taking RFU readings every 2 min for 2 h after the quencher was added. The readings remained constant, implying that there was little to no leakage of the quencher or NBD-palmitoyl-CoA through the membrane and that the membrane bilayer remained sealed throughout the experiment ( Figure 4E ). To test the possibility that the fluorescent signal reflected NBD associated with the external leaflet of the liposome membrane that was protected from the quencher, NBD-phosphatidylcholine (PC), a fluorescent phospholipid that cannot permeate the bilayer, was added to the liposomes. No significant signal above baseline was observed for either Hhat-containing or empty liposomes that were incubated with NBD-PC ( Figure 4F ). We monitored the Hhat orientation within liposomes by purifying and reconstituting 157FLAG Hhat, an Hhat construct (D) Liposomes reconstituted with purified Hhat WT were pretreated with the indicated concentrations of TDI-3410 and NBD-palmitoyl-CoA uptake was analyzed as in (A); n = 3. (E) As in (A). After quencher addition, RFU readings were taken every 2 min for 120 min; n = 3. (F) As in (A). Liposomes were incubated with either NBD-PC or NBD-palmitoyl-CoA; n = 2. (G) Liposomes reconstituted with purified 157FLAG Hhat were treated with or without trypsin or octyl glucoside (OG), and Hhat was analyzed by SDS-PAGE and western blotting with anti-FLAG antibody.
with a FLAG epitope tag located in a loop on the luminal side of the membrane (Matevossian and Resh, 2015a) . The treatment of intact liposomes with trypsin had no effect on the FLAG signal in the absence of detergent. Upon the addition of octyl glucoside, the FLAG signal was eliminated ( Figure 4G ). These data suggest that Hhat molecules are uniformly oriented in a manner similar to that of ER microsomes.
Next, we formed empty or Hhat-reconstituted liposomes in the presence of dithionite. External dithionite was removed, resulting in liposomes containing Hhat with the quencher only in the interior ( Figure 5A ). A 7-fold decrease in the NBD signal was observed after the incubation of Hhat-reconstituted liposomes with NBDpalmitoyl-CoA compared to empty liposomes, consistent with the interpretation that NBD-palmitoyl-CoA had crossed the vesicle membrane, and the signal had then been quenched ( Figure 5B ). Treatment with 10 mM TDI-3410 prevented the quenching-dependent decrease in fluorescent signal observed without the drug ( Figure 5B) , and the addition of 0.2% octylglucoside reduced the NBD signal to baseline ( Figure 5B ). These findings provide direct evidence that Hhat promotes palmitoyl-CoA uptake across a membrane bilayer and support the hypothesis that Hhat can function as a transporter in addition to its enzymatic activity as an acyltransferase.
To determine the effect of Shh substrate on transport activity, Hhat was reconstituted into liposomes containing the quencher and either buffer, WT, or C24A Shh peptide inside (representing the luminal location of Shh in cells). The external quencher and peptide were removed, NBD-palmitoyl-CoA was added to the outside of the liposomes, and the fluorescent signal was monitored for 2 h. A time-dependent reduction in the NBD signal was evident in liposomes reconstituted with Hhat, whereas little change occurred in the control (EV) liposomes ( Figure 5C ). Hhat liposomes containing WT Shh peptide, a substrate for Hhat, accumulated less NBD-palmitoyl-CoA than did liposomes that did not contain the Shh peptide. In the presence of C24A Shh peptide, which lacks the Cys palmitoylation site and cannot be palmitoylated by Hhat, minimal uptake of NBD-palmitoyl-CoA occurred. A similar result was obtained by monitoring the uptake of [ 14 C]-palmitoyl-CoA into liposomes reconstituted with purified Hhat. The uptake of [ 14 C]-palmitoyl-CoA was 4-fold greater in liposomes reconstituted with purified WT Hhat, compared to liposomes reconstituted with the EV preparation or with the purified H379A Hhat mutant ( Figure 4C ). The presence of the WT Shh peptide inside the liposome reduced the amount of pal- . Liposomes were re-isolated and then incubated with NBD-palmitoyl-CoA, and NBD fluorescence was quantified. The addition of 0.2% octyl glucoside reduced fluorescence levels to background. (B) Liposomes generated as in (A) were pretreated with 10 mM TDI-3410 for 15 min followed by incubation with NBD-palmitoyl-CoA for 60 min. RFU readings were taken before and after addition of 0.2% octyl glucoside; n = 3. (C) Liposomes were reconstituted with purified WT Hhat, Na 2 S 2 O 4 2-, and WT or C24A Shh peptide. After the removal of the external quencher and peptide, NBD-palmitoyl-CoA was added, and the fluorescent signal was monitored for 120 min; n = 3. (D) Liposomes were reconstituted with purified WT Hhat, and uptake of [ 14 C] palmitoyl-CoA was measured as in Figure 4C ; n = 2. mitoyl-CoA accumulation, whereas the C24A mutant Shh peptide prevented nearly all palmitoyl-CoA uptake (Figure 5D) . These data indicate that palmitoyl-CoA transport activity of Hhat is regulated by the Shh substrate. Transport is reduced when Hhat is engaged in acyltransferase catalysis, likely a result of the binding of Shh to Hhat and the release of the palmitoylated Shh product. The C24A Shh mutant cannot be palmitoylated and remains bound to the enzyme, thereby blocking transport activity.
Visualization of Palmitoyl-CoA Uptake by Liposomes Containing Purified, Reconstituted Hhat
To directly visualize NBD-palmitoyl-CoA associated with a liposome, we generated liposomes with fluorescently labeled phosphatidylethanolamine (Cy5.5-PE) incorporated into the liposomal membrane. The addition of Cy5.5-PE did not affect the NBD signal when readings were taken at an excitation of 460 nm and an emission of 535 nm ( Figure 6A ). Liposomes consisting of reconstituted Hhat and Cy5.5-PE integrated into the liposomal membrane exhibited Hhat-dependent palmitoyl-CoA uptake that was inhibited by TDI-3410, similar to the uptake observed with non-Cy5.5-PE labeled liposomes ( Figure 6B ). Confocal microscopy was then used to image single liposomes. In liposomes reconstituted with Hhat, sequential Z stacks revealed NBD fluorescence surrounded by Cy5.5-PE in the liposome membrane ( Figure 6C ; Video S1). A line scan for a central Z stack revealed that the green (NBD) signal lies within the limits of the red (Cy5.5) signal ( Figure 6D ). Since the size of the liposomes is close to the resolution limit of light microscopy, these results could reflect NBD-palmitoyl-CoA bound to Hhat and/or the inner bilayer leaflet or NBD-palmitoyl-CoA that was transported through the membrane. Because of the limit in resolution, it is not possible to distinguish fluorescence from NBD-palmitoyl-CoA bound to the inner leaflet versus that within the liposome interior. No detectable NBD signal was observed in the control, empty liposomes ( Figure 6C ). Taken together, these experiments provide strong evidence for a role for Hhat in promoting the uptake of palmitoyl-CoA across a phospholipid bilayer.
Visualization of Palmitoyl-CoA Uptake into the ER of Cells Expressing Hhat
We next asked if Hhat-mediated palmitoyl-CoA uptake into the ER could be visualized within live cells. Cells were first treated with low concentrations of digitonin, a detergent that selectively permeabilizes the plasma membrane while leaving internal membranes intact (Matevossian and Resh, 2015a; Ronning et al., 1982) . Next, NBD-palmitoyl-CoA was added along with ER-Tracker Red (glibenclamide BODIPY TR), and after a 60-min incubation, the cells were washed. Live confocal imaging revealed an extensive colocalization of NBD fluorescence with the ER marker in cells overexpressing Hhat, which was dissipated upon the addition of octyl glucoside ( Figure 7A ). Little to no detectable NBD fluorescence was observed in cells transfected with the EV or H379A Hhat or in cells treated with TDI-3410.
Separation of Hhat Channel Activity from Enzymatic Activity
A recent report described the 3-dimensional crystal structure of DltB, a bacterial MBOAT enzyme that catalyzes the attachment of D-Ala to the cell wall peptidoglycan of Gram-positive bacteria (Ma et al., 2018) . The structure is notable for the presence of a funnel and tunnel that extend through the bilayer and potentially connect the intracellular and extracellular sides of the membrane. DltB, like Hhat, needs to perform cross-membrane catalysis, as D-Ala is produced on the opposite side of the membrane from the peptidoglycan substrate to which it is attached. Several of the funnel/tunnel residues in DltB are conserved in mammalian MBOAT proteins, including H379 and Y351 in Hhat. H336, the DltB equivalent of H379, sits at the bottom of the extracellular funnel, whereas F301 (Y351 in Hhat) is localized within the DltB tunnel. Both Hhat mutants were defective in Hhat-mediated palmitoyl-CoA uptake into microsomal membranes ( Figures 7B and  S2) . The effect of these mutations was then tested on Hhatmediated Shh palmitoylation. We first monitored the ability of the Hhat mutants to palmitoylate Shh in intact cells, where 125 I-Iodopalmitate must be converted to 125 I-Iodopalmitoyl CoA and then cross the ER membrane to gain access to the lumen. Incorporation of 125 I-Iodopalmitate into Shh was strongly reduced for both Y351A and H379A Hhat mutants ( Figure 7C) , consistent with the need for Hhat to perform both palmitoyl-CoA uptake and acyltransferase activity on the luminal side of the ER in an intact cell, as well as intact microsomes. To Figure 7 . Palmitoyl-CoA Uptake and Shh Palmitoylation in Cells Expressing Hhat (A) COS-7 cells expressing EV, Hhat WT, Hhat H379A, or Hhat Y351A were incubated on ice with 65 mg/ml digitonin for 10 min to permeabilize the plasma membrane, then incubated for 60 min at room temperature with 8 mM NBD-palmitoyl-CoA. 30 min prior to imaging, 1 mM ER Tracker Red was added to the cells. Cells were washed and then imaged by confocal microscopy. Scale bar, 25 mm. (B) NBD-palmitoyl-CoA uptake was monitored in microsomal membranes from HEK293FT cells expressing EV, Hhat WT, Hhat H379A, or Hhat Y351A as described in Figure 2 ; n = 3. (C) Shh palmitoylation was monitored in COS-1 cells expressing Shh and either pcDNA, WT, or mutant (H379A, Y351A) Hhat. Cells were incubated with 15 mCi determine if Hhat channel activity could be separated from acyltransferase activity, we used Hhat-containing microsomal membranes to compare Shh palmitoylation activities of the mutants to WT Hhat. This in vitro assay uses an N-terminal Shh peptide and 125 I-Iodopalmitoyl-CoA. It is performed with a buffer that contains detergent to permeabilize the membrane and allow the Shh peptide to access the catalytic site of Hhat. As reported previously , H379A Hhat exhibited compromised Shh palmitoylation activity, consistent with the notion that H379 is an active site residue. By contrast, Y351A retained near-WT levels of Shh palmitoylation activity when assayed in vitro using detergent-solubilized membranes and as a purified enzyme ( Figures 7D and 7E) . These observations indicate that the uptake of palmitoyl-CoA and acyltransferase activity can be separated and represent dual functions of Hhat.
DISCUSSION
Hhat was originally identified as a palmitoyl acyltransferase for Hedgehog proteins. In this study, we provide multiple lines of evidence to support the hypothesis that Hhat also functions to promote palmitoyl-CoA access to the luminal side of the ER membrane. Fluorescent-based and radioactivity-based assays encompassing three complementary fatty acyl CoA probes-NBD-palmitoyl-CoA, 125 I-Iodopalmitoyl-CoA, and [ 14 C]-palmitoyl-CoA-demonstrated that Hhat overexpression increased palmitoyl-CoA uptake into microsomal vesicles. Palmitoyl-CoA uptake was inhibited by treatment with the small-molecule Hhat inhibitor TDI-3410 and was compromised in microsomal membranes prepared from cells overexpressing H379A Hhat, a catalytically inactive Hhat mutant. Moreover, the uptake of palmitoyl-CoA was reduced in microsomal vesicles generated from cells in which Hhat had been depleted. Reconstitution of purified Hhat into artificial phospholipid vesicles provided evidence that palmitoyl-CoA uptake activity was directly due to the presence of Hhat, and confocal imaging of the liposomes as well live imaging of semi-intact cells confirmed these findings. We conclude that Hhat promotes the uptake of palmitoyl-CoA to the luminal side of the ER membrane, where it is used as a substrate for Hhat-mediated palmitoylation of the Shh protein.
Palmitoyl-CoA Is Not Intrinsically Permeable across Biological Membranes
Palmitoylation of Shh by Hhat has been shown to occur within the ER . Thus, both substrates for Hhat, palmitoyl-CoA and Shh, must gain access to the ER lumen. Shh enters the lumen of the ER via engagement of its signal peptide with the secretory machinery, but long-chain fatty acids such as palmitoyl-CoA are not permeable across biological membranes (Bavdek et al., 2015; Polokoff and Bell, 1978) . To date, the mechanism by which palmitoyl-CoA accesses the lumen of the ER so that Shh palmitoylation can occur remains unknown.
In mitochondria, the CPT system is responsible for the transfer of palmitoyl-CoA across the inner and outer mitochondrial membranes into the matrix. CPT1 first catalyzes the transfer of palmitate from coenzyme A to carnitine-forming palmitoylcarnitine, which subsequently diffuses across the outer mitochondrial membrane (Bremer, 1963) . Carnitine-acylcarnitine translocase then shuttles the palmitoylcarnitine across the inner mitochondrial membrane, where it is converted back into palmitoyl-CoA by the enzyme CPT2 (Murthy and Pande, 1990) . CPT1 has been reported to be exclusively localized to mitochondria, with the exception of the CPT1c isoform, which was detected in the ER membrane in mouse neuronal cells (Sierra et al., 2008; Broadway et al., 2003) . We tested whether a similar system was operative in Hhat-containing microsomal membranes. Treatment with Etomoxir or malonyl-CoA partially inhibited palmitoyl-CoA uptake, indicating that a portion of the NBD signal protected by the quencher represented a CPT1-dependent uptake of palmitoyl-CoA. The remainder of the signal was reduced to baseline by the further addition of TDI-3410. Etomoxir, but not TDI-3410, inhibited NBD-palmitoyl-CoA uptake in Hhatdepleted cells (Figure 3) . These findings suggest that at least two mechanisms for palmitoyl-CoA uptake are operative in microsomes: CPT1-mediated uptake into mitochondria and Hhat-mediated uptake into the ER. We were able to separate mitochondria from the ER based on differential centrifugation and organelle markers (HSP60 for mitochondria; protein disulfide isomerase for the ER). However, a considerable amount of Hhat was present in the ''heavy'' membrane fraction, which may reflect Hhat multimers in dense regions of the ER and/or Hhat localized to ER-mitochondrial contact points. The use of purified Hhat reconstituted into liposomes clearly established that Hhat can promote palmitoyl-CoA uptake into a closedmembrane vesicle in the absence of CPT1.
Given the complex transmembrane topology of MBOAT proteins, it is possible that the overexpression of a multipass transmembrane protein such as Hhat might artificially induce membrane permeability or leakage. However, overexpression of the Wnt acyltransferase Porcupine, another multipass MBOAT protein, had no effect on NBD-palmitoyl-CoA uptake into microsomes. Moreover, time course experiments demonstrated that the integrity of the membranes was not compromised after 120 min ( Figure S1A ). Finally, imaging of Hhat-containing liposomes with confocal microscopy is consistent with the presence of an intact bilayer, as fluorescence would have been immediately quenched in the event of liposomal leakage.
Hhat Possesses Both Shh Palmitoylation and Palmitoyl-CoA Uptake Activity Palmitoyl-CoA uptake was inhibited by both TDI-3410, a smallmolecule Hhat inhibitor, and in membranes containing Hhat H379A, a catalytically defective Hhat mutant. This suggests that the two activities, palmitoyl acyltransferase and palmitoyl-CoA uptake, might be linked. We explored this possibility using two mutants of Hhat. Hhat H379A has been shown to be catalytically compromised when assayed for Shh palmitoylation activity in vitro and in cells (Buglino and Resh, 2008, 2010) . Here, we show that palmitoyl-CoA uptake into microsomal membranes as well as Hhat-containing liposomes expressing this mutant was similarly compromised, suggesting that H379 is critical for both catalytic activity and transport activity. However, Hhat Y351A displayed <25% of WT activity for both Shh palmitoylation and NBD-palmitoyl-CoA uptake in cells but exhibited near-WT Shh palmitoylation activity in vitro. The difference can be explained by the difference in membrane integrity in the two assays. In cell-based assays, the ER membrane is intact, and Shh palmitoylation is dependent upon palmitoyl-CoA delivery across the ER membrane. Disruption of membrane integrity by detergent in the in vitro palmitoylation assay buffer allows the access of Hhat substrates to the interior of membrane vesicles. Under these conditions, Y351A Hhat is fully active as a Shh palmitoyl transferase. This was not the result of Y351A Hhat stabilizing or activating any endogenous Hhat in the membrane, as the acyltransferase activity of purified Y351A Hhat was equivalent to that of purified WT Hhat ( Figure 7E ).
Regulation of Hhat-Mediated Palmitoyl-CoA Transport
Based on the laws of thermodynamics, one would expect transport to be bidirectional (i.e., palmitoyl-CoA should constantly exchange in and out of the vesicle). However, after steady state was reached, there was no reduction in the NBD signal in the presence of an external quencher, implying that transport is unidirectional and that palmitoyl-CoA accumulates inside the vesicle. This supposition is consistent with the hydrophobic nature of palmitoyl-CoA and its ability to bind tightly to and be retained on membranes. While the thermodynamics of transport of soluble compounds allows for bidirectionality, hydrophobic compounds behave differently. Palmitoyl-CoA that enters the lumen through Hhat would be captured and retained by hydrophobic binding to the inner leaflet of the membrane bilayer. Strong hydrophobic binding to the lipid bilayer reduces the kinetic ''off rate,'' resulting in trapping at the membrane. This mechanism, known as kinetic bilayer trapping, is exhibited by lipidated proteins and peptides. For example, the off rate for a palmitoylated peptide bound to a lipid bilayer is extremely slow, with an estimated half-time of 155 h (Schroeder et al., 1997) . In our experiments, the NBD signal in microsomes ( Figure S1A ) and liposomes ( Figure 4E) containing Hhat remained constant for up to 2 h after the quencher was added. If transport was bi-directional, NBD-palmitoyl-CoA fluorescence would be quenched as it exited the liposomes (or microsomes), and the signal would decrease over time.
Calculating the stoichiometry of palmitoyl-CoA uptake allows us to distinguish between the binding of fatty acyl CoA to Hhat and the transport through the membrane. The turnover for Hhatmediated transport-calculated based on the amount of palmitoyl-CoA retained in the liposome, the number of liposomes in the assay, and the number of Hhat molecules per liposome-is 18-23 molecules of palmitoyl-CoA transported per molecule of Hhat. These numbers support the contention that transport is non-stoichiometric, with multiple turnovers of Hhat allowing palmitoyl-CoA to accumulate on the luminal side of the vesicle membrane. The starting concentration of palmitoyl-CoA on the outside of the liposome was 8 mM, and net uptake by Hhat resulted in a concentration within liposomes of $100 mM. Liposome integrity remained intact over 2 h, consistent with findings that large unilamellar vesicles cannot be lysed even at palmitoyl-CoA:lipid ratios of 1.6:1 (Bavdek et al., 2015) ; the ratio in our experiments is 0.01:1. Total concentrations of long-chain fatty acyl CoAs in the cytoplasm are estimated to be 5-160 mM, but the effective free concentration in the cytosol is $200 nM, due to binding to membranes and fatty acyl CoA-binding proteins (Knudsen et al., 1999) . Within the lumen of the ER, it is likely that palmitoyl-CoA is bound to the inner bilayer leaflet but may also associate with binding partners yet to be identified.
Palmitoyl-CoA uptake monitored in the absence of Shh substrate likely represents transport by Hhat in an ''open'' conformation. When the Shh substrate binds to the enzyme on the luminal side, Hhat engages in acyltransferase activity, and some of the palmitoyl-CoA delivered through the tunnel is diverted to acylate Shh. This is consistent with the predicted location of the catalytic His379 residue at the base of the funnel and may reflect the transfer of palmitate to Shh within the tunnel/funnel (Ma et al., 2018) . The fate of the CoA moiety released after the palmitate transfer to Shh is not known. A probe that specifically detects free CoA inside the vesicle would be required to determine if CoA is released into the lumen or to the cytosolic side of the membrane. Dissociation of the palmitoylated Shh product from the enzyme allows for another round of transport and catalysis. By contrast, mutant Shh binds to Hhat but cannot be released from the enzyme, thereby blocking the tunnel and preventing the entry of palmitoyl-CoA. Thus, acyltransferase and fatty acyl CoA transport activities are linked and coordinated.
MBOAT Family Enzymes as Tunnels
A recent study provided a three-dimensional crystal structure of DltB, an MBOAT family protein responsible for the D-alanylation of cell wall teichoic acid in Gram-positive bacteria (Ma et al., 2018) . The structure reveals a tunnel/funnel within DltB that may provide an opening for substrate transit from one side of the bacterial membrane to the other. A comparison of Hhat and DltB sequences revealed conserved residues that may be located in a tunnel/funnel of Hhat and might be important for transport activity. The DltB equivalent of Hhat H379 is located at the base of the funnel near the membrane interface, which could explain why it is compromised in both catalytic and transport activity. The Hhat Y351 equivalent of DltB is located higher up in the funnel, which might affect transport activity without affecting catalytic activity. The evidence provided in this study suggests that Hhat might adopt a similar tunnel/funnel structure as DltB. Thus, Hhat could operate as a carrier for palmitoyl-CoA from the cytosol, where it is produced, to the ER lumen. This would provide a biochemical mechanism for transmembrane catalysis not only by Hhat, but also for other ER enzymes dependent on a luminal source of palmitoyl-CoA.
Three members of the MBOAT family-Hhat, Porcupine, and GOAT-transfer fatty acids to secreted proteins. The twodimensional transmembrane topology maps of Hhat and GOAT are remarkably similar, and it is likely that Porcupine has a similar topology (Matevossian and Resh, 2015a; Konitsiotis et al., 2015; Taylor et al., 2013; Rios-Esteves et al., 2014) . Based on similarities to DltB, Porcupine and GOAT may also have a tunnel to promote the uptake of their respective fatty acyl CoA substrates from the cytosol across the ER membrane. The tunnel would be expected to be selective with regard to fatty acyl chain length and saturation, since Porcn does not promote palmitoyl-CoA uptake into microsomal vesicles (Figure 2 ), nor does it use palmitoyl-CoA as a substrate for Wnt acylation (Asciolla et al., 2017) . Other MBOAT family members that rely on a luminal source of palmitoyl-CoA include DGAT1 and ACAT2 (Csala et al., 2007) . These enzymes are predicted to be less topologically complex than Hhat, based on two-dimensional topology maps (McFie et al., 2010; Joyce et al., 2000; Lin et al., 2003) . In addition, the glycosyl phosphatidylinositol anchor intermediate, GlcN-acylPI, is produced by the inositol acyltransferase PIG-W in mammalian cells and Gwt1p in yeast using luminal palmitoyl-CoA (Sagane et al., 2011; Murakami et al., 2003) . Of note, Hhat is expressed in many adult cell types that do not express detectable levels of Hedgehog proteins. It is tempting to speculate that Hhat serves as a conduit to provide luminal palmitoyl-CoA not only for other MBOATs such as DGAT and ACAT2, but also for other enzymes that catalyze luminal palmitoyl-CoA reactions.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: cy5.5-phosphatidalethanolamine (810346C), phosphatidylethanolamine (850757P), phosphatidylcholine (840051P), 1-palmitoyl-2oleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (840034P), and L-a-phosphatidylinositol (Liver, Bovine) (sodium salt) (840042P), were purchased from Avanti Polar Lipids (Alabaster, AL). m-Slide Angiogenesis (81506) was purchased from ibidi (Madison, WI). Polybrene â (sc-134220) was purchased from Santa Cruz Biotechnology (Dallas, TX). Nuncâ Lab-Tekâ II chambered coverglass (155382) was purchased from the MSKCC molecular cytology core.
Plasmids, cell culture, transfection, and membrane preparation The plasmid encoding HA-tagged Hhat was generated as previously described . Hhat constructs with C-terminal FLAG, His and HA epitope insertions were generated using site-directed mutagenesis via the QuikChange II XL Site directed mutagenesis kit purchased from Stratagene (La Jolla, CA). All constructs were confirmed by DNA sequencing. Cells were transfected with 6 mg of Hhat cDNA using Lipofectamine (Invitrogen), split 1:2 the following day, and then cultured for 24 h. P100 membranes were prepared from hypotonically lysed cells, following centrifugation at 100,000 x g (P100) as described .
Preparation of Microsomal membranes
HEK293FT cells transfected with EV or Hhat constructs were subjected to hypotonic lysis and a P100 membrane fraction (microsomes) was prepared as described .
Purification of Recombinant Hhat-HA-Flag-His protein
Purification of wild-type and mutant Hhat-HA-Flag-His protein from transfected HEK293FT cells was carried out as previously described .
Preparation of 200 nm Liposomes
Lipids, resuspended in chloroform, were mixed in ratios of 50% PC, 30% PE, 10% PI, 10% PS and dried under nitrogen gas. Liposomes were formed by reconstituting phospholipids (10mg of phospholipids dried from 100 ml chloroform) with either wild-type or mutant Hhat in 20 mM HEPES (pH 7.3, 350 mM NaCl, 1% octylglucoside, 1% glycerol) prior to passing through a Bio-Beads SM-2 Adsorbents detergent removal column (Bio-Rad) ten times. Liposomes were then extruded 30 times through a polycarbonate filter with 0.2 mm pore size and subsequently passed through a Econo-Columnâ Chromatography Column, 0.5 3 5 cm (Bio-Rad) containing Sephadexâ G-75 (Sigma). Six, 1ml fractions were collected, aliquoted, and stored at À80 C. Analysis of Hhat orientation in liposomes was performed as described (Matevossian and Resh, 2015a) .
Liposome quantification
The number of lipids in a 200 nm diameter unilamellar liposome was calculated to be 1.9 3 10 5 : A = 4pðd=2Þ 2 + ðd=2 --lÞ 2 A PL
